We analyze Regge trajectories in terms of the 1/Nc expansion of QCD. Neglecting spin-orbit contributions to the large Nc baryon mass operator, we consider the evolution of the spin-flavor singlet component of the masses with respect to the angular momentum. We find two distinct and remarkably linear Regge trajectories for symmetric and for mixed symmetric spin-flavor multiplets.
Introduction
The ordering of hadronic states on approximately linear Regge trajectories in the Chew-Frautschi plot is one of the most remarkable features of the QCD spectrum. It manifests the underlying non-perturbative QCD dynamics, which at long distances becomes dominated by the string-like behavior that leads to confinement. In fact this picture has been the motivation for the development of string/flux tube models of hadrons [1] , which contemporarily are described as effective theories in the so called AdS/QCD framework [2] . The latter is valid in the large N c limit, N c being the number of colors, and has been applied almost exclusively to mesons, while extensions to baryons are being explored [3, 4] . Furthemore, it has been shown recently that flux tube model and large N c mass formulas are compatible [5] . Regge trajectories have also been recently considered in the context of the quark-diquark picture of baryons [6] .
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In this work we will analyze the baryon Regge trajectories in the light of the 1/N c expansion, which is in principle an approach consistent with QCD. The 1/N c expansion for baryons is based on the emergent SU (6) spin-flavor symmetry (for three light flavors) in the large N c limit [7, 8, 9] . For excited baryons, the usual approach consists in organizing states into multiplets of the SU (6) × O(3) group. Even if it has been shown that, for mixed symmetric multiplets, this symmetry is broken at order O(N 0 c ) by spinorbit interactions, it is a phenomenological fact that these interactions are very small (in the real world with N c = 3 they have a magnitude expected for O(N −2 c ) effects). Thanks to this observation, the usage of the SU (6) × O(3) symmetry at leading order is justified. Following this approach, various works [10, 11, 12, 13, 14, 15, 16] have shown that the 1/N c expansion is a very useful tool for analyzing the baryon spectrum. In this work, we assume that the magnitude of spin-orbit interactions is small for highly excited states, e.g. for states belonging to [70, 5 − ] and [56, 6 + ] multiplets. Indeed, because of a lack of data, it is not possible to make a detailed study of these multiplets as it was done in Refs. [11, 12, 13, 14, 15, 16] for lower excitations.
In the 1/N c expansion, the mass operator for a given SU (6)×O(3) multiplet is expressed in terms of a series in effective operators [10, 11, 12, 13, 14, 15, 16] In particular we focus on the evolution of the coefficient associated with the leading spinflavor singlet operator, which determines the Regge trajectories.
Analysis
We start by considering the [56, ℓ] and the [70, ℓ] multiplets of SU (6) × O(3), which correspond respectively to the symmetric (S) and mixedsymmetric (MS) spin-flavor multiplets at N c = 3. We entirely disregard possible mixings between these multiplets [17] , an approximation that seems to be consistent phenomenologically as shown by analyses of strong transition amplitudes [18] as well as electromagnetic transitions [19] .
For the ground state baryons, which consist of the octet and decuplet in the [56, 0 + ] multiplet, the mass formula reads:
whereŜ,Î are the baryon spin and isospin operators respectively andŜ is the strangeness operator. The hyperfine term has been defined such that in the limit of a non-relativistic quark picture it corresponds to the operator
e. with the one-body pieces removed. The hyperfine SU (3) breaking operator, mentioned in the introduction, has been defined in a such way that it does not contain terms linear in the strangeness operatorŜ, and clearly does not contribute to the masses of nonstrange ground state baryons.
For excited baryons with ℓ > 0, the hyperfine interaction of interest can be defined following the large N c Hartree picture of the baryon [20] : an excited quark carrying the orbital angular momentum and a core made out of the rest N c − 1 quarks sitting in the ground state (for N c = 3 one can identify the core with a diquark). This motivates the choice of hyperfine operator as the one that takes into account the hyperfine interactions between core quarks only. A second hyperfine operator involves the interaction between core quarks and the excited quark. In MS states one can separate these two hyperfine interactions explicitly; it was shown that the latter hyperfine effect is much weaker, and thus we neglect it here. Therefore, for excited baryons, except the [56, 2 + ] multiplet, we use the following form for the mass operator:
whereŜ c is the spin operator of the core. Note that the mass formulas generalize beyond the quark model, as they are entirely given in terms of generators of the spin-flavor group, and thus, only the spin-flavor nature of the states will matter. For the [56, 2 + ], we add to the mass operator the contribution of the hyperfine SU (3) breaking operator, which we have modified to be expressed in terms of core operators and to have no term linear in the strangeness of the core:
For non-strange excited baryons, the matrix elements of the mass operators in the different cases are as follows:
For N c = 3 the mass formulas become:
where we denote N ≡ M N , etc. Note that for the MS states we need to specify the total quark spin S. The case of strange baryons where we neglect the SU (3) breaking hyperfine interaction is obvious, except for the SU (3) singlet Λ states in the 70-plets, where the mass formula becomes:
For the [56, 2 + ], the matrix elements of the SU (3) breaking hyperfine operator are lengthy to calculate, and we direct the reader to Refs. [16, 21] for details.
The coefficients c 1 , c HF , c S and c 4 are determined by fitting to the masses of the corresponding multiplet. Tables 1 and 2 , for 56-and 70-plets baryons respectively, display the baryons listed by the Particle Data Group [22] along with their masses. Some of them (ℓ ≤ 4) can be identified with a good level of confidence as belonging to a definite SU (6) × O(3) multiplet. For the highest excitations (ℓ = 5, 6), the situation is less clear and the identifications proposed are based on Ref. [23] . The Tables also display the results for the coefficients c 1 , c HF , c S and c 4 , and the theoretical masses resulting from the fits. We note here that in the MS states there are two mixing angles, which correspond to the mixing of the octet states with quark spin S = 1 2 and 3 2 . In the fit, these mixings are disregarded because they only originate through the presence of mass operators we have neglected. We have checked that this approximation does not affect in any significant way the conclusions of this work.
In the case of the GS baryons, as already announced above, the hyperfine SU (3) breaking operator has to be include in the analysis because it affects the determination of c HF through the fit. The result for c HF is then consistent with the value obtained from the N -∆ mass splitting. The χ 2 is still large because of the SU (3) sub-leading terms that have been disregarded. The inclusion of the higher order terms shows the improvement expected in the 1/N c expansion [24] . The situation is similar in the [56, 2 + ] multiplet, where the hyperfine SU (3) breaking operator has to be included in order to have a consistent fit. One criterion for this consistency is that the values of the coefficients c 1 , c HF and c S are in agreement with the corresponding values obtained in the analysis that includes a complete basis of operators [13] .
In the [70, 1 − ] multiplet, the large χ 2 is primarily due to the exclusion of the spin-orbit operator. That operator produces the splitting between the SU (3) singlet Λ states, and the failure to describe that splitting gives the main contribution to the χ 2 . This has virtually no effect on the issues we analyze here. For the 70-plets we do not need to include the hyperfine SU (3) breaking term. Note that the available information about the [56, ℓ = 4, 6] and the [70, ℓ = 2, 3, 5] states is somewhat limited. In each case, the information available is sufficient for determining the coefficient c 1 with enough accuracy for the purpose of this work, but the hyperfine and strangeness splittings can be only roughly determined.
The main focus of our study is the relation across multiplets of the leading order coefficient c 1 . Figure  1 shows the plot (N c c 1 ) 2 vs ℓ. It displays two distinct Regge trajectories corresponding to the [56, ℓ] and the [70, ℓ] states. In the Hartree picture, the splitting between S and MS trajectories is due to the exchange interaction between the excited quark and the core. Indeed, this exchange interaction turns out to be different for S and MS representations, being order N 0 c in the first case and order 1/N c in the second case. This implies that in large N c limit there should be two distinct trajectories. The linear fits to the trajectories in units of GeV 2 are as follows 1 :
1 We considered a fit with a single trajectory, which gives χ 2 dof = 7.68, to be compared to the values 0.57 and 0.06 for the fits to the S and MS trajectories respectively. We note that the results for c 1 obtained with only non-strange baryons agree, as one would expect, with those obtained including the strange ones. It is remarkable that the spin-flavor singlet piece of the squared masses fit so well on linear Regge trajectories. The spread observed in the Regge trajectories given in terms of the physical masses is, therefore, due to the non-singlet spin-flavor components of the masses, which are dominated by the hyperfine components. For the splitting between 56-and 70-plet, the following linear relation gives a fair approximation: Taking into account the different definition of the hyperfine operator used in this work, which affects the values of c 1 , we have verified that our results for c 1 correspond to those obtained in the analysis Refs. [11, 12, 13, 14, 15, 16] where complete bases of operators are used. This is a consistency check on the irrelevance of the operators we have neglected for the purpose of our analysis. A similar comment applies to the other coefficients c HF , c S and c 4 2 .
It is interesting to notice that the strength of the HF interaction tends to increase with ℓ. This is shown clearly by the [70, 1 − ] and the [56, 2 + ] multiplets, where the strength is significantly larger than for the GS baryons. Unfortunately, for baryons with ℓ > 2, c HF has large uncertainty and we cannot establish that trend. According to the 1/N c expansion, the value of c HF differs by O(1/N c ) across multiplets, but in reality it changes by a factor larger than two in going from the GS to the ℓ = 2 baryons. This can be explained by the fact that the hyperfine interaction is more sensitive to the effective size of the core than the other terms in the mass formulas. In particular, in the quark-diquark picture of the baryon, this sensitivity in the hyperfine effect indicates a reduction in the size of the diquark that is significant. The strangeness coefficient c S seems to be bigger for the ground state and the [56, 2 + ] multiplet than for the other cases. We note that the inclusion of the hyperfine SU (3) breaking leads to an enhancement of the fit value of c S . In the [70, 1 − ], a more detailed analysis, including an additional SU (3) breaking spin singlet operator [12] , leads to an enhancement of c S as well, bringing it more in line with the values obtained in the 56-plets. For other multiplets the determination of c S is rather poor, such as in the [56, 4 + ] resonance where only one strange baryon is known. Therefore, it is still possible that c S has a similar value across multiplets, as one would expect. Finally, the c 4 coefficient, which plays no role in our analysis, turns out to have a large value and error from the fit to the [56, 2 + ] multiplet. A careful consideration of the fit shows that the resonances Λ(1820) and Σ(2030) play an important role in determining the large value of c 4 , while the fit gives a poor result for the mass of Λ(1890). The chief difficulty in the [56, 2 + ] multiplet is represented by the large value of c 4 , or equivalently, the small masses of Λ(1820) and Σ(2030). It is somewhat puzzling that these are the only such states in the mass domain, which can be assigned to that multiplet. Although this point is not relevant for this work, it deserves to be studied more carefully.
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